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Solvent  Swelling  Influoices  the  Electrochendcal  Behavior  and  Stability  oi  Thin  Films  of 

Nitrated  P<dy(styrene) 

Ricardo  Bogas  and  Daniel  A.  Buttiy* 

Department  of  Chemistry 
University  of  Wyoming 
Laramie,  Wycnning  82071-3838 


Abstract  -  The  electrochemical  behavior  and  stabili^  of  thin  films  of  poly(nitrostyrene) 
(PNS)  and  a  partially  dinitra^  derivative  of  PNS  (PDNS)  have  been  examined  in 
acetonitrile.  Qualitative  infimnation  regarding  die  extent  of  solvent  swelling  of  diese 
polyelectcolyte  films  ir  nonaqueous  solvents  is  obtained  using  the  electrochemical  quartz 
crystal  microbalance  (EQCM)  technique,  both  by  measuring  the  fiequency  changes  due  to 
solvent  swelling  and  by  measuring  the  conductance  (impedance)  spectra  of  die  quartz 
crystaVpolymer  film  ctxrqposite  resonator  in  the  different  oxidation  states.  Extensive  solvent 
swelling  as  a  function  of  the  number  of  reductive  scans  is  correlated  with  instability  oi  th>; 
films  toward  dissolution  or  delamination  and  with  subde  changes  in  electrochemical 
behavior.  The  effectiveness  of  thermal  pretreatments  (which  presumably  induce  crosslinks  of 
sTMiie  type)  for  enhancing  film  stability  by  slowing  the  rate  of  swelling  is  examined.  Fn’ 
certain  types  of  films,  it  is  shown  that  the  transport  processes  which  serve  to  achieve 
electroneutrality  at  high  scan  rates  may  occur  on  a  diffoeni  time  scale  (i.e.  faster)  than  those 
which  serve  to  attain  thamodynamic  equilibrium.  The  implication  is  that  transient, 
non-equilibrium  states  may  be  prepared  during  switching  whose  composition  is  not 


necessarily  that  dictated  by  the  equilibrium  state,  and  that  manipulation  of  these  transient  ^ 

states  to  achieve  faster  switching  rates  may  be  done  independently  of  equilibrium 
considerations,  at  least  in  some  cases. 
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Introduction 

The  importance  of  swelling  processes  in  contributing  to  the  types  of  behavior 
observed  in  die  electrochemistry  of  thin  polymer  films  has  been  recognized  for  some  time 
(1).  Swelling  due  to  inanpcnation  of  solvent  and  ionic  or  neutral  ion  aggregate  species  fix>m 
the  suppmting  electrolyte  can  influence  the  activities  of  the  redox  groups  in  such  films, 
thoeby  providing  a  possible  od^  for  the  non-Nemstian  responses  finequently  seen  in  such 
systmns  (23).  Swelling  can  also  cause  changes  in  die  kinetics  of  redox  processes  by 
plasticmng  die  films  (4)  (which  can  diange  the  glass  transition  tenqieraniie,  Tg,  and, 
therefore,  die  collision  fiequencies  of  the  pendent  redox  groups),  by  changing  the  free 
volume  andA>r  viscosity  wldiin  die  film,  which  can  cause  changes  in  die  mobilities  of 
incorporated  species  (4),  and  by  changing  the  mean  separation  distance  between  the  redox 
groups,  and  dierefore,  die  effidenr^ctf  the  electron  hr^^g  processes  by  udiidi  charge 
propagates  dnoo^  such  films  (13).  IIius,  bodi  the  kinetic  and  thsnnodynamic  processes 
idiich  dictate  the  overall  electrochemical  behavior  of  thin  polym»r  films  can  be  profoundly 
influenced  by  changes  in  the  state  of  swelling. 

Various  methods  have  been  applied  to  the  study  of  swelling  in  diin,  redox  polymer 
films.  These  include  profilimetry  (Q,  ellipsometry  (7-ll)>  and  the  electrochemical  quartz 
crystal  microbalance  (23,12-14).  The  fust  is  not  widely  applicable  due  to  the  inherent  frailty 
of  many  diin  film  systems.  Ellipsometry  provides  very  accurate,  and  extrennely  useful 
measurements  of  duckness,  but  suffers  in  the  determination  of  compositions  because  of  a 
lack  of  information  about  the  partial  noolar  volumes  of  the  various  qiecies  widun  die  film. 
The  E(y^,  on  the  other  hand,  provides  information  conqilementary  to  that  obtained  from  ai 
ellipsometric  experimmt,  in  that  mass  measurements  can  give  compositions  but  not 
thicknesses.  As  an  aside,  it  would  seem  that  the  combination  of  these  two  techniques  would 
provide  an  especially  powerful  tool  with  which  to  m(»e  fully  describe  thin  film  systems. 

In  this  rqport  the  is  used  to  study  swelling  processes  in  thin  films  of 
poly(nitrostyrene)  (PNS)  and  a  partially  dinitrated  derivative  (PDNS)  as  a  function  of  length 
of  exposure  and  anoount  of  redox  cycling  in  acetonitrile.  PNS  was  chosen  for  study  due  to 
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previous  reports  of  its  relative  stabili^  in  nonaqueous  solvents  (15,16).  In  addition,  since  it 
functions  as  a  cation  exchange  material  in  its  reduced  form,  it  is  a  good  system  with  which  to 
conqKue  the  behavior  of  poly(vinylfenocene)  (wdiich  is  an  anion  exchanger  in  its  oxidized 
form),  a  polymer  which  has  been  previously  investigated  using  both  EQCM  (3,14,17)  and 
ellipsometry  (7,8)  in  aqueous  and  nonaqueous  solutions. 

Experimental 

PNS  was  piqMired  using  a  procedure  similar  to  that  described  by  Zenftman  (18),  in 
^xdiich  poly(styrene)  is  nitrated  using  fuming  nitric  acid.  (Sranular  poly(styrene)  (Aldrich)  of 
mokcular  weight  of 430,165  g  mol~^  was  used.  Elemental  analysis  0>esert  Aiudytics, 
Tucson,  Arizona)  of  the  polymeric  product  gave;  61.15  %  Q  4.74  %  H,  9.58  %  N  to  be 
compared  with  the  calculated  values  64.42  %  C,  4.71  %  H,  9.40  %  N.  The  partially 
dinitraied  derivative  (FDNS)  was  obtained  tiom  Pdysdences  undo-  the  label  of 
polyfnitros^rene)  Got  ^1^4483).  Elemental  analysis  of  a  typol  sample  was:  55.97  %  C.  3.73 
%  H,  11.97  %  N.  This  indicaies  that  45%  of  the  pendent  p^miyl  groups  have  been  dininated. 

Buididc  and  Jadcson  spectral  grade  acetonitrile  (ACN)  was  stored  over  3A  mdecular 
sieves  vdiich  were  activated  at  180  ^  for  48  hours  prior  to  use.  Th'5  c'>i«%nt  was  used  for 
most  of  the  experiments.  In  some  other  cases,  Kodak  spectral  grade  acetonitrile  was  used. 
This  was  distilled  twice,  first  fiom  CaH2,  then  from  P2P5.  and  stored  over  3A  molecular 
sieves.  For  the  casting  of  films,  PNS  and  n>NS  were  dissolved  in  dimethyl  formamide 
(DMF).  Tetraetiiylammonium  perchlorate  (TEAP)  was  lecrystallized  five  times  fiom 
deionized  water.  Tetrapropylammonium  perchlorate  (TPAP)  was  recrystallized  three  times 
fiom  75%  (v/v)  acetone/water  mixture.  Tetrabutylarrunonium  perchlorate  (TBAP)  was 
recrystalliz'd  three  times  fiom  ethyl  acetate^pentane.  All  su[qx)iting  electrolytes  were  dried 
fix*  48  hours  at  80  X  in  vacuum  after  recrystallization  and  stored  is  a  desicator.  They  were 
also  dried  in  vacuum  at  80  X  overnight  just  prior  to  use. 

In  ACN  the  reference  electrode  was  Ag^Ag***,  0.04  M  AgC304  in  the  same  supporting 
electrolyte  as  was  in  the  working  electrode  compartment  All  potentials  are  reported  versus 
this  reference.  A  Lug^n  capillary  was  used  to  minimize  ohmic  dre^  between  the  reference 
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and  working  electrodes.  Positive  feedback  iR  compensadon  was  used  for  scan  rates  above 
lOOmVs-1. 

The  EQC^  apparatus  has  been  previously  described  (14,19).  Briefly,  the  oscillation 
of  a  thin  disk  of  quartz  sandwiched  between  two  gold  efectiodes  is  induced  with  a  Inoadband 
oscillator  circuiL  The  flequency  of  die  oscilladon,  uriiidi  dqiends  on  the  mass  of  die  disk, 
electrode,  and  ai^  material  uoached  to  this  electrode,  is  measured  uring  a  commercial 
frequency  counter.  The  prdymer  Aims  are  dqxirited  onto  the  g(dd  electrodes,  and  the 
rneasurement  of  oscillation  frequency  is  made  in  atu,  siinultaneously  with  the 
ekctrocheniical  rneasutetiKats  on  the  fllm.  In  this  way,  the  mass  changes  wdiich  occur  during 
the  redox  event  may  be  monitored.  Most  of  die  conrideraiioas  udiich  pertain  to  the 
quantitative  calculadoarrf  mass  from  die  oscillation  fitequenty  have  been  discussed 
(13,14,20).  The  influence  of  viscoelastid^  the  polymer  film  will  be  discussed 
qualitatively  in  a  later  sectioiL 

The  gold  E(2CM  electrodes  were  oMted  with  the  FDNS  by  dij^g  the  crystal  for  20 
minutes  into  a  srdution  either  0.05  %  or  1.0  %  (w/v)  of  die  polymer  in  DMF.  The  final  film 
thickness  was  controlled  using  either  the  scdution  concentration  or  the  dipping  time  as  a 
variable.  For  PNS,  the  srdution  was  always  0.05  %  (w/v),  and  the  dipping  time  was  between 
7  and  12  minutes,  dqiending  on  die  desired  thickness.  After  dipping,  the  crystals  were 
removed  from  the  solution,  shaken  carefully,  and  set  aside  for  20  minutes  (PDNS)  or  5 
minutes  (PNS).  The  next  stage,  an  essential  one  for  maximum  film  stabili^,  consisted 
baking  the  crystals  in  air  in  a  temperature  range  130-180  X  for  times  ran^g  fiom  30 

minutes  to  one  hour.  Longer  times  or  hi^ier  terrqieratutes  gave  greater  stability  the  films 

in  solution. 

Neutral  alumina  (Btockmann  activity  grade  I)  was  placed  direcdy  into  the  cell  to 
maintain  the  water  contoit  of  the  supporting  electrolyte  as  low  as  possible.  The  alumina  was 
activated  in  die  same  way  as  the  molecular  sieves.  The  use  of  alumina  in  the  cell  was 
essential  to  the  long  term  chonical  stability  of  the  polymers.  In  its  absence,  the  films 
degraded  relatively  nqiidly  due  to  reactions  of  the  reduced,  radical  anion  forms  of  the 
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polynms  with  adventitious  water  (21).  The  supporting  electrolyte  solutions  were  degassed 
forSOminutes  prior  to  expeiimentadon  with  Arwhidi  had  been  purified  by  passage  through 
moiecular  aeves  (to  remove  water,  mis,  etc.)  and  then  an  Oxyclearcolunm  (to  remove  trace 
02)-  For  experiments  in  whidi  it  was  necessary  to  control  the  temperature,  a  Jacketed  cell 
was  used  in  conjunctioa  with  a  Neslab  RTE-1 10  constant  tenqieiature  badi. 

The  conductance  qwctia  die  quartz  oystal/jpolymer  film/solution  composite 
resonators  were  measured  with  a  Hewlett  Packard  4192A  low  ficcquency  inqiedance  analyzer 
interfaced  to  an  IBM  AT  using  an  IEEE-488  interface.  It  was  possible,  uring  diis 
configuration,  to  measure  die  conductance  under  condidons  of  potendostatic  control  of  the 
ceU. 

RcsaHs  and  Dbcossioii 
Conductance  spectra 

It  is  a  wdl  known  and  widely  ^qdttted  fact  that  the  QCM  reqionds  to  mass  dianges 
by  dumging  its  resonant  fiequenry  of  mechanical  osciHation.  For  very  diin,ri^(ije. 
perfecdy  elastic)  films  die  relationdiip  between  fiequenqr  and  mass  is  given 

Af=-CfAm  (1) 

in  triiidi  af  On  Hz)  is  the  frequency  change  caused  1^' die  mass  change  am  (in  pg  cm~^)  and 
is  a  constant  which  dqiends  on  die  mechanical  properties  of  the  crystal  and  its 
fundamental  resonant  fiequency  (sriiidi  dqpends  on  crystal  thidoiess).  In  the  present  case,  a  S 
MHzcrystal  was  used  so  C{=  S6.6  Hzcn^pg'^.  A  number cases  have  been  documented 
in  whidi  thin  polymer  films  have  been  diown  to  e::>iilrit  rigid  layer  behavior  (23f  12-14),  at 
least  in  a  certain  range  of  thickness  and  for  certain  r/rlution  conditions.  Ifowever,  this  is  not 
to  be  generally  expected  for  all  systems.  Thus,  the  question  (tf  sriiether  or  not  rigid  la^ 
behavior  [sevails  must  be  addressed  foreadi  individual  system.  This  is  espedally  true  for 
thin  films  of  organic  polymers  (as  opposed  to  the  more  rigid  inorganic  "pdymers"  such  as 
oxides)  as  diese  materials  are  known  to  firequendy  exhibit  viscoelastio  behavior  which  is 
fiequency  dqiendent  (22).  (jonsidetadons  of  the  mechanical  behavior  the  system  are  quite 

important  because  the  linear  relationship  between  mass  and  fiequency  indicated  by  equation 
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1  hc^  only  farrigid  films. 

There  are  sevnal  ways  to  deteiminc  whether  a  system  bduves  rigidly  or 
viscoelasticaliy  eidier  in  or  out  of  die  supporting  electrolyte  stdution  (20).  The  most 
sttaigjhtfonwgd  way  is  to  measure  the  conductance  spectnnntrf  the  QCM^xdymer  film 
cooqiorite  resonator  (23).  In  this  eiqieriment,  the  QCM  crystal  is  exposed  to  an  alreinating 
qi^ied  vedtage  of  a  predsdy  syndieazed  fiequem^’ triiicfa  is  swqpc  through  the  fiequency 
range  of  the  resonance  point  for  the  oystaL  The  coodiKrtance  of  the  crystal  (G,  in  cmT^ 

or  siemens)  is  measured  as  a  function  of  fiequency,  and,  fiom  this,  the  influence 
viscoelastici^  in  the  dqxkrit  on  die  resonant  fiequency  is  determined  (23).  The  Q  or  quality 
fKior  of  the  crystal,  whidr  is  proponkMal  to  the  ratio  the  resonant  fiequenc^  ^  On  Hz)  to 

the  widdi  at  half  hd^affi^Qn  Hz)  of  the  conductance,  then  gives  a  measure  of  the  extent 
to  winch  viscoelasticiQr  in  the  deposit  has  broadened  die  resonance. 

The  value  of  Q  also  dianges  iqxm  single  immersion  of  die  crystal  into  a  viscous 
imlium  (23).  To  a  first  approximation,  it  is  reasonable  to  conrider  the  dianges  in  Q  fiom  diis 
source  as  indqpendent  of  any  caused  by  dqiorit  viscoehtstid^.  so  diat  significant  changes  in 
Q  caused  by  die  dqiorit  are  »m|dy  superiirposed  on  diosc  fiom  die  sdutkML  Thus,  to 
determine  if  a  deposit  is  causing  changes  in  the  Q  of  a  crystal,  the  influence  of  the  sokutioo 
nsust  first  be  determined. 

Hgure  1  shows  the  conductance  spectra  a  KfS  film  immersed  in  a  0.13  M  solution 
of  TEAP  in  ACM  before  any  dccfrocfaenustiy  (curve  A)  and  after  76  cyclic  vtdtammetric 
(CV)  scans  throu^  die  potential  re^on  in  which  reduction  to  the  radical  ankm  occurs  (curve 
B).  The  value  for  the  bare  crystal  is  this  medium  is  1100  Hz.  The  value  in  curve  A 

is  also  1060  Hz,  essentially  equal  to  that  for  the  bare  crystal  since  die  resolution  of  die 
fiequency  in  the  conductance  spectrum  is  20  Hz..  After  one  scan  is  1200  Hz.  After  11 

scans  aff^hh  ^  ^  ^fwhh  ^ ^ ^  ^ 

aff^hh  ^  ^  ^  crystal  and  the  coated  crystal  in  solution  is  very  good 

evidence  that  the  film  is  behaving  rigidly.  i.e.  that  it  does  not  cause  additional  broadening  of 
the  conductance  curve  due  to  viscous  loading  by  the  film  itself.  In  addition,  these  data  show 
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^fwhh  doubles  after  76  CV  scans  through  die  leducdon,  indicadve  large 

increases  in  visconty  of  die  film  caused  by  the  redox  cycling.  Simultaneously  with  these 
changes  in  aff^iiii,  die  resting  fitequeocv  (Le.  the  fiequency  attained  at  the  end  of  the  scan, 

if^ien  the  film  has  been  electrolyzed  jx  to  its  oxidized  (neutral)  fivm)  decreases  by 
between  20  and  200  Hz  (depending  on  the  film  thickness  and  beat  treatment),  after  an  initial 
increase  dne  to  loss  some  the  dqxisit  during  the  first  few  scans  (see  below). 

These  obsexvadoos  are  consistent  with  extensive  swelling  of  the  film  during  die  CV 
scans.  The  decrease  in  f^  udiile  not  use  in  a  quandtadve  sense  due  to  die  inapplicalnlity  of 

equation  1  under  these  conditions,  does  pcnnt  toward  increasing  mass  as  a  function  of  the 
number  of  scans.  Also,  it  is  known  that  swelling  by  solvent  induces  increases  in  viscosity 
(27)  and  that  sudi  increases  in  viscosi^  cause  decreases  in  Q  and,  therefore,  increases  in 
affi^  (23).  Thus,  the  conductance  spectra  and  dianges  in  ff  seem  to  allow  for  the 
qualitative  monitoring  of  solvent  swelling  during  scanning.  Unfortunately,  a  quantitative 
treatment  relating  the  visooelastici^  of  the  film  to  these  changes  in  Q  is  not  availaMe  at  this 
time. 

The  conclusion  to  be  drawn  from  these  data  is  that  equation  1  is  not  valid  for  this 
system,  so  duu  die  mass  changes  whidi  occur  during  the  redox  event  for  this  film  cannoc  be 
calculated  exacdy.  However,  qualitative  information  can  still  be  inferred  fiom  the  observed 
fiequem^  dianges,  as  will  be  seen  below. 

For  HDNS,  die  changes  in  nff^li})  as  a  function  of  nundier  of  scans  through  the 
reduction  process  ate  riiown  in  Table  1.  Again,  it  is  seen  that  die  aff^hji  for  the  bate  crystal 
in  stdutionmatdiesdiat  for  die  coated  crystal  in  solution  prior  to  any  electiodienucal 
cycling.  Thus,  the  film  starts  as  a  rigid  filnL  Even  after  30  scans  the  value  of  aff^vhh  ^ 
increased  only  by  ca.  6  %,  inficative  of  some  swelling,  but  of  a  much  smaller  magnitude 
Thus,  even  though  the  amount  by  which  AffSiriih  Q)  change  before  equation  1  becomes 
inv'alid  is  not  known  at  this  time,  it  seems  reasonable  that  chan^  of  this  order  nu^t  not 
preclude  its  use. 

EOCM/CV  experiments 
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Polv(nittostvrene).  Hgaie2  dwws  plots  of  cuncnt  and  ^versus  potential  forPNS  for  CV 
scans  into  the  legion  for  reduction  of  the  pendent  nitiophenyl  groups  to  thdr  radical  ankm 
stales.  The  CV  wave  has  die  diaiacteiistics  of  a  single,  one  election,  chemically  leversiUe 
process.  As  has  been  previously  pmmed  out  others  (15,16.2S.2Q.  the  wave  is  rather  broad, 

perhaps  indicative  of  interactions  between  the  pendent  redox  groiys  (27)  or  a  distribution  of 
redox  potentials  due  to  mictoheierogenieqf  within  the  film  (28).  The  dashed  CV  (curve  A) 
shows  the  first  scan  fiv  the  film,  and  the  stdidCV  (curve  B)  shows  the  second  scan.  The  first 
scan  Gclnlnts  a  diffiiaoo-like  re^KMse  widi  a  rather  small  peak  current,  while  die  second  scan 
resemMes  more  a  dnn-laqferreqionse  and  has  a  peak  current  significant^  larger  than  that  of 
the  first  scaii.  The  EQC3d  fiequency  leqionse  for  the  first  scan  (curve  C.  af  versus  E)  shows 
extiemefy  large  fiequenqr  increases,  qualitatively  indkaiive  of  mass  loss,  during  die 
reductive  branch  and  the  first  part  of  die  oxidative  branch  of  the  scan.  After  the  anodic  wave 
has  been  traversed  on  die  return  (poative)  scan,  the  fiequency  b^ins  decreasing  again, 
probably  due  to  J^ain  of  some  of  die  mass  lost  during  the  reduction. 

That  die  CV  during  die  first  scan  seems  mudi  more  difiusioo-like  than  the  second  is 
consistent  with  a  rather  compact  film  vduch  has  not  yet  been  "broken-in"  prior  to 
deccrochemical  cycling.  These  break-in  effects  have  been  observed  by  orfaert  before,  and  do, 
in  fact,  seem  to  be  idated  to  solvent  swelling  (29).  The  smallness  of  the  peak  current  in  this 
scan  widi  reflect  to  diat  in  die  second  scan  probably  indicates  that  the  rate  of  charge 
propagation  daou^  die  film  is  faster  in  die  second  scan  than  in  the  first  This  would  indkaie 
a  correlation  of  inoeased  swelling  widi  increased  charge  tran^wit  rates,  a  conclusion  which 
agrees  widi  earlier  proposals  for  other  systems  (29). 

The  af  versus  E  curve  seems  to  show  die  loss  of  consideiable  material  on  the  first 
scan.  This  is  probably  due  to  dissolution  or  delamination  of  die  film  following  its  reduction, 
peilups  due  to  loss  of  low  molecular  weight  material.  The  shape  of  the  af  curve  when  the 
frequency  be^ns  to  decrease  on  the  return  scan  has  the  duoacteiistics  of  a  diffusion-like 
(t^^)  response  which  nuy  indicate  the  ledeposition  of  some  cf  the  dissrdved  polymer.  These 
features  are  almost  identical  to  those  observed  for  thick  films  o(  polyfvinylfeiiocene)  in  Q* 


containing  aqueous  media,  in  udiidi  film  dissolution  has  been  previously  observed  (14). 

Hgure  3  shows  the  and  EC^CM  data  iqiresentative  of  the  behavior  of  PNS  in  later 

scans.  The  dadied  curve  in  plate  A  is  the  CV,  vdiich  diows  a  large  wave  at -1.55  V  and  some 
evidence  of  a  »B3all  pcewave  at -1.35  V.  This  prewave  is  probably  caused  by  a  small  amount 
of  dinitiaied  rings  in  diis  samfde  of  PNS  (see  below).  The  s(^  curve  is  the  derivative  of  die 
fitequenc^  change  with  reflect  to  poientiai(dAfiUE).  The  quantitative  connection  between 
dafiUE  and  cunent  has  bees  discussed  p.eviously  (30).  Kiefly,  since  die  current  is  the 
instantaneous  rate  ofelectron  (or  hole)  consumption  and  dnfldE  gives  the  instantaneous  rate 
of  change  of  mass,  the  two  curves  may  be  compared  diiecdy  if  an  assunqidon  is  made 
guarding  die  naass  transferred  per  dectron.  For  the  sake  ofeomparisor,  it  is  assumed  in  the 
present  case  duK  the  cation  (TPA'^  is  the  q^edes  undergoing  tranqwft,  so  diat  the  molar 
mass  of  die  cation  is  used  in  die  calculation  ofdafiME  from  af  versus  E>  Thus,  die  extent  to 
wludi  there  is  a  discrepancy  between  the  current  0)  ud  dafrdE  curves  serves  as  an  indication 
of  transpoabdiaviorvdiidi  is  not  dictated  solely  lypermsdective,  unidirectional  transport 
of  diis  qieciesu  Specifically,  if  either  anion  or  solvent  iiet  ttansport  coritribote  to  the  observed 
mass  change,  then  there  will  be  disctqancy  between  i  and  dafiUE  (except  for  cases  of 
fortuiious  cancellation). 

Plate  A  dearly  shows  diat  the  overall  direcdon  of  the  mass  change  seems  to  be  that 
eiqiecied  for  permsekedve  transport  O-C- mss  gain  due  to  cation  insertion  during  reduction 
and  mass  loss  due  to  cadon  expulsion  during  oxidadon),  but  that  die  magnitude  of  the  mass 
changes  are  larger  than  would  be  predicted  based  solely  on  cation  tran^xitL  A  likely  (but 
cotainly  not  the  only)  exphmadon  for  this  observation  is  that  some  solvent  tran^ntt  ocems 
in  the  same  direcdon  as  the  cadon  tran^wrt,  so  diat  the  net  mass  change  also  has  a 
coatiibudon  from  the  mass  of  diis  solvent  This  insetpeetadon  of  the  frequency  dianges 
during  scanning  would  seem  to  be  in  agreement  with  the  observed  increase  in  as  a 

function  of  the  number  (rf*  scans,  nnoe  both  effects  can  almost  certainly  be  rutributed  to 
increased  sdvent  content  within  the  film. 

The  peak  in  die  dsf/dE  curve  is  nearly  75  mV  positive  the  peak  current  (ip).  Tins 
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could  be  caused  by  ifae  predominance  of  swelling  eariy  in  the  reduction,  as  opposed  lolhc 
maintenance  a  constant  ratio  of  catioa  to  solvent  tranqwn  duougbout  the  scan.  An 
alternative  oqdanation  is  that  die  largest  changes  in  viscodasticity  for  the  system  are  eaily  in 
the  leducdon,  and  that  dKse  dianges  cause  die  frequency  to  decrease  noolineaiiy  with  respect 
to  the  extent  of  dectrolyas  of  the  film.  However,  if  the  viscoelastic  changes  are  caused 
primarily  ly  changes  in  the  sdvent  content  of  the  film,  then  both  cx|danatioos  lead  to  the 
same  condusioo,  namely  that  solvent  enters  the  film  earfy  during  reductioa  and  leaves  late 
during  oxidation,  earfy  and  late  bdng  measured  with  respect  to  die  consampdoa  of  charge^ 
The  rdmveposiiions  of  die  peaks  in  die  dafWE  and  i  curves  depend  on  scan  rate,  indicaicy. 
that  these  are  not  eqmUbriom  rcqwnses.  However,  quite  sinnlar  behavior  is  seen  for  TEA'^, 
TPA^,  and  TBA'*' caoons  vdien  compared  at  the  same  scan  rate. 

Plate  B  in  Hgure  3  dwws  the  bdiavior  of  die  film  in  the  seventh  scan.  The  daCUE 
curve  is  ggnificanriy  smaller  dian  the  caneiu.Also^  the  peak  in  daWE  is  still  positive  of  the 
cunem  peak,  but  a  slight  smaller  amounL  The  vtibe  of  ^  just  before  the  scan  was  about 

150  Hz  below  its  startup  value,  and  aff^yMi  had  increased  by  ca.  30%  compared  to  its  value 
before  ary  scanning  had  taken  placcw  These  danges  in  fr  arid  afftyjhhptobab^  result  fiom 
swelling  of  die  fitan,  as  discussed  above.  If  this  is  true,  then  these  should  exist  within  the  film 
asignificant  reservoir  of anions  (either  dissodaied  from  or  aggr^aied  with  their  comnerions 
fiom  the  supportir^  dectrolyte,  depending  on  the  cfiective  didectric  constant  of  the 
medium).  It  is  worth  noting  dat  tins  quantiqr  of  sorbed  couraciions  can  be  vetymudi  in 
excess  of  die  number  of  fixed  diarges  on  die  polymer  if  the  extent  of  swelling  is  large.  This 
situation  allows  for  the  postilNlity' of  tiuxed  transport  (Le.  simultaneous  anion  and  cation 
transport),  so  diat  the  ntt  mass  diange  nay  cause  dafrdE  to  be  larger  than,  smaller  dian,  or 
even  of  opposite  rign  to  die  current  As  has  been  recendy  pointed  out  (3),  the  attainment  of 
thermodynamic  equilibrium  dicuies  this  net  mass  change  in  a  way  which  is  not  readily 
predictable  a  priori,  pririatily  due  to  uncertainties  as  to  the  dependence  of  activity 
coelficients  on  concentration.  Given  a  rituation  of  this  type,  mass  transport  is  not 
unambiguously  elucidated  by  die  EQC^  data.  All  that  can  be  said  is  that  there  appears  to  be 


11 


net  oanspon  oct  of  the  film  during  the  leductioo,  and  iolo  die  film  during  cnddadoo.  In  fact,  it 
cannot  even  be  asscfied  widi  any  ceitainty  diat  nnxed  canon  and  anioQ  tnnspon  ocons  (one 
posable  way  to  account  for  die  diiSeienoe  between  dAfildE  ud  i).  because  die  amount  of 
solvent  tiacyort  has  not  been  detennined  for  dc$  case:  However,  one  thing  diatooes  seem 
dear  is  diat  pioloogcd  cyding  over  the  redaction  wave  for  the  pendent  ndropheayi  moieties 
leads  to  significant  swdling  cf  die  film,  with  dns  swdni^  kaifii^  to  a  sitnadon  wlridi  is  not 
wdl  described  by  a  modd  based  sol^  on  pennseleciivinr-. 

As  was  mentioned  above,  die  stab&inr  lowani  sohent  swdlir^  of  the  PtfS  fSms  is 
nMrifi¥tlyirflii«grdhydif-ii<eMl<nfriif»hfatt»raimMwABrii^film;wqMrMina  I=giwe4 
shows  the  CV  and  af  vefsas  E  Cannes  for  a  film  wUefa  v:8S  heat  treated  for  one  hocr  at  180  ^ 
(Qrpell  films),  as  opposed  to  dre  130  *C,  30  minaie  treatment  for  the  fihcsdescxSied  above 
(ype  I  films).  Again,  die  prewave  from  the  small  fitaction  of  <Saiiiaa>ai  rings  is  seen.  The 
overall  shape  of  die  wave  for  die  monomiimed  lu^  at  >135  V  is  qoiie  similar  to  those 
Aown  above.  However,  the  Af  versus  E  data  are  disiincilydiflBErenL  There  is  less  Iqfsteresb 
in  tUs  carre  dan  for  type  I  fihns.  Also,  dre  fieqoeiicy  esserniai^  rcaiiaiiis  the  value  it  had 
prior  to  die  scan,  in  contrast  to  die  behavior  of  ype  I  fihns  (recall  dot  f|-ooaimaoasfy 
decreases  widi  scanmi^  for  npe  1  films  winch  was  amibuied  to  reaesdioa  of  monoiorocalfy 
increasing  amoonis  of  solvent).  However,  die  magatmde  of  the  fieqoency  change  for  these 
films  still  seems  to  be  indicative  of  a  rdativdy  large  d^ree  of  solvent  inoorponuion 
ooincidefK  widi  tile  cation  insettion  pcocessL  Thus,  these  dau  sopport  the  notion  dial 
sipuficant  solvent  swelling  does  occur  for  qrpe  n  films,  but  that  it  is  more  reversible  than  for 
type  I  films.  Tlus  behavior  would  be  cottsistcat  widi  the  nrpe  n  films  having  a  larger  nondier 
oi  crtDsdiidcs  wfaidi  would  act  to  inhibit  the  irreversible  swelling  which  occurs  for  the  Qfpe  I 
films.  Such  ctoglinks  could  be  of  chenucalorign(Le.  some  Qrpe  of  tfaetmally  induced 
covalent  bond  formation  between  chmns)  or  of  physical  origin  0.e.  strong  physical  attractions 
between  diains  sudi  as  ought  occur  in  oystalline  (as  opposed  to  amorphous)  regions  of  the 
films).  Atienpts  to  detea  such  phenomena  uring  ex  siai  FUR  measurements  have  so  far 
been  unsuccessful. 


At  higher  scan  rates,  the  hysteresis  of  the  Af  versus  E  curves  becomes  much  more 
pronounced,  even  while  the  CV  curves  remain  quite  symmetric,  as  shown  in  Figure  5.  The 
peak  current  is  nearly  lOx  larger  than  that  in  Figure  4,  and  the  charge  is  nearly  identical,  as 
expected  for  a  film  exhibiting  thin  layer  behavior.  However,  the  frequency  decrease  with 
reduction  is  much  smaller  than  that  in  Figure  4.  In  fact,  as  scan  rate  is  increased,  the 
frequency  decrease  during  reduction  approaches  a  limiting  value  (finally  reached  at  ca.  6(X) 
mV  s~^),  the  magnitude  of  which  indicates  that  essentially  no  solvent  transport  occurs  during 
the  cation  insertion  for  reduction.  In  other  words,  the  mass  change  during  reduction  is 
consistent  with  the  insertion  of  one  cation  per  electron  injected  into  the  film,  and  no 
accompanying  solvent  Experiments  with  TPA"^  and  TEA'*'  give  analogous  results. 

On  the  return  scan  for  all  type  n  systems  at  high  scan  rates,  the  time  requited  for  the 
fiequency  to  reattain  its  original  value  is  much  longer  than  the  time  for  passage  of  the 
electrochemical  charge,  as  shown  in  Figure  S.  This  must  result  from  a  decoupling  of  the 
transport  processes  responsible  for  the  maintenance  of  electioneutrality  and  for  the 
attainment  of  thermodynamic  equilibrium.  Thus,  during  the  oxidative  scan,  there  must  be 
simultaneous  anion  insertion  and  cation  expulsion  to  maintain  electroneutraliQr,  with  these 
occuring  on  the  timescale  of  the  passage  of  the  electrochemical  charge  (i.e.  they  must  be 
essentially  completed  at  -1.40  V).  In  contrast,  the  mass  transport  to  achieve  thermodynamic 
equilibrium  occurs  predominantly  after  the  passage  of  the  charge.  This  may  involve  some 
solvent  transport  and  a  change  in  the  relative  populations  of  anions  and  cations  within  the 
film.  While  this  picture  of  the  time  evolution  of  the  mass  transport  processes  during  redox 
cycling  for  these  films  is  rather  tentative,  it  does  make  clear  that  the  mass  transport  processes 
which  are  induced  by  electrochemical  cycling  need  not  occur  simultaneously  with  the 
passage  of  the  charge.  They  also  show  that  transient,  nonequilibrium  states  can  occur  due  the 
to  requirement  of  electroneutrality,  and  that  these  nonequilibrium  states  can  evolve  to  the 
equilibrium  condition  on  a  timescale  much  longer  than  that  of  the  charge  consumption.  The 
implication  is  that  the  conditions  at  equilibrium  need  not  dictate  the  ultimate  charge 
propagation  (switching)  rates  for  thin  films  of  either  redox  or  conducting  polymers  if  the 
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nseds  of  electroneutraliQr  can  be  met  by  transient,  nonequilibiium  states. 

Pardallv  dinitrated  polvfstvrene).  Figure  6  shows  the  behavior  observed  for  PDNS  for  the  1st, 
5th,  and  44th  scans.  The  voltammetry  of  the  1st  and  5th  scans  shows  the  presence  of  two 
waves.  The  first  (at  ca.  -1.35  V)  is  atnibuted  to  the  reduction  of  the  dinitrated  phenyl  groups 
(31).  The  second  (at  ca.  -1.60  V)  is  fix)m  the  reduction  of  the  mononitrated  phenyl  groups 
(16).  These  assignments  are  supported  by  the  observation  of  these  redox  processes  for 
authentic  samples  of  mono-  and  dinitrotoluene  (32). 

The  reduction  of  the  dinitrated  groups  is  by  far  larger  than  that  for  the  mononitrated 
groups  early  in  the  lifetime  of  the  film,  but  disappears  entirely  after  10-15  scans,  depending 
on  film  titickness.  This  may  be  due  to  a  combination  of  loss  of  much  of  the  film  material 
during  the  first  few  scans  (as  judged  by  the  large,  irreversible  increases  in  fiequency 
coincident  with  reduction  in  the  first  few  sc?ns)  and  a  scavenging  effect  perfinmed  by  the 
dinitrated  groups.  Since  these  nitro  radical  anions  are  known  to  be  exceedingly  sensitive  to 
the  presence  of  water,  it  seems  reasonable  to  suggest  that  the  first  groups  to  be  reduced  will 
act  to  scavenge  adventitious  water  fi^om  within  the  film,  and  be  ineversibly  reduced  in  the 
process.  These  red''.ction  processes  lead  to  products  such  as  azo  compounds  (15,21,24)  which 
can  act  as  crosslinks  witidn  the  film.  In  fact,  the  PDNS  films  are  far  more  stable  than  the  type 
I PNS  films  (see  below),  perhaps  due  in  part  to  such  crosslinks.  However,  if  this  is  true,  it  is 
not  clear  why  the  same  effect  is  not  observed  for  the  mononitrated  films. 

The  frequency  data  show  that,  for  the  5th  and  44th  scans,  there  is  mass  gain 

on  reduction  and  mass  loss  on  oxidation.  Reduction  of  the  dinitrated  groups  shows  essentially 
the  same  mass  gain  and  loss  characteristics  as  the  mononitrated  groups. 

Figure  7  shows  dAf/dE  (solid)  and  i  (dashed)  versus  E  for  the  2nd  scan  of  a  PDNS 
film.  Keeping  in  mind  that  for  PDNS  the  rigidity  of  the  film  (as  judged  by  the  relatively 
constant  value  of  Aff^hh  with  scanning)  allows  for  the  quantitative  calculation  of  mass  from 
Af,  it  is  clear  that  reduction  of  this  film  causes  a  net  mass  increase  significantly  larger  than 
would  be  explained  on  the  basis  of  permselective  cation  transport  to  maintain 
electroneutrality.  It  seems  likely  that  considerable  transport  of  solvent  occurs  simultaneously 
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and  in  the  same  direction  as  cation  transport,  although  other  situations  involving  mixed 
transport  cannot  be  ruled  out  If  this  is  the  case,  the  data  also  indicate  that  most  of  the 
swelling  occurs  during  the  first  reduction  process.  The  lower  curve  in  the  figure  shows  the 
plot  of  Af  versus  £  for  this  scan.  The  important  point  to  note  here  is  that  the  frequency  does 
not  return  to  its  original  value.  Rather,  it  remains  at  a  lower  value  after  the  scan.  Waiting  at 
potentials  at  which  the  film  is  in  its  neutral  form  (e.g.  0.0  V)  for  several  minutes  allows  for 
the  fiequency  to  increase  somewhat,  but  it  never  increases  completely  to  reattain  the  value 
before  the  scan.  This  continuous  decrease  in  frequency  occurs  for  every  scan  (in  ACN)f  with 
the  swelling  becoming  so  extensive  as  the  number  of  scans  increases  (see  below)  that  the  film 
eventually  begins  to  dissolve  away  fixnn  the  surface,  as  judged  by  mass  loss  and  loss  of 
charge  for  the  redox  process.  However,  this  swelling/dissolution  process  is  much  slower  for 
PDNS  than  for  PNS  (in  spite  of  the  much  larger  molecular  weight  of  PNS),  probably  due  to 
the  chemical  crosslinks  in  PDNS  caused  by  the  presence  of  azo  coupling  (15,21,24). 

By  monitoring  fj-  versus  the  number  of  scans,  it  is  possible  to  obtain  a  measure  of  how 
the  extent  of  swelling  changes  with  scanning.  It  is  worth  pointing  out  here  that  such 
experiments  must  be  done  under  conditions  of  rigorous  temperature  control  to  obviate  the 
possible  influence  of  changes  in  viscosity  of  the  supporting  electrolyte  solution  on  the 
resonant  fiequency  of  the  immersed  crystal  (20,33).  Hgure  8  shows  a  plot  of  fj-  versus 
number  of  scans  for  a  PDNS  film.  In  this  case,  the  value  of  f^-  was  measured  immediately 
after  the  scan.  The  film  mass  is  seen  to  increase  significantly  with  scanning,  almost  certainly 
as  a  consequence  of  swelling. 

This  behavior  can  be  correlated  with  the  transport  behavior.  Table  2  shows  the  ratio  of 
the  net  mass  gain  during  the  scan  (not  to  be  confused  with  fj-)  to  the  charge  consumed  in  the 
redox  process  as  a  function  of  increasing  scan  number.  These  data  indicate  the  the  mass 
change  per  electron  decreases  dramatically  as  the  number  of  scans  increases.  It  is  proposed 
that  this  behavior  is  due  to  the  extensive  swelling  which  occurs  with  scanning.  Thus,  the 
increased  swelling  leads  to  sorption  of  both  solvent  and  supporting  electrolyte,  so  that  the 
transport  processes  which  serve  both  to  maintain  electroneutraUty  and  to  maintain 
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thennodynamic  equilibrium  across  the  film/solution  interface  probably  evolve  from  being 
mostly  permselective  (with  seme  concomitant  solvent  transport)  to  a  situation  with  mixed 
anion  and  cation  transport  and  perhaps  solvent  transport  Unfortunately,  due  to  the 
complexity  of  the  situation,  the  picture  must  remain  a  qualitative  one,  given  the  available 
data. 

Condusions 

The  behavior  of  PNS  and  PDNS  is  shown  to  be  a  strong  function  of  the  extent  of 
solvent  swelling  of  the  filnt  For  PNS,  the  solvent  swelling  is  quite  extensive,  and  the  film 
stabili^  seems  to  suffer  as  a  consequence  of  this.  This  tendency  can  countered  somewhat  be 
more  rigorous  thermal  pretreatments,  the  exact  function  of  which  is  not  yet  known.  This 
solvent  swelling  does  not  have  a  dramatic  influence  on  the  noorphology  of  the 
electrochemical  response,  other  than  to  cause  a  continuous  decrease  in  the  charge.  An 
exception  to  this  is  the  behavior  during  the  first  few  scans  in  which  the  films  are  "broken-in” 
(i.e.  swollen  by  solvent  due  to  the  forced  transport  of  ionic  species  during  the  redox  cycling) 
to  facilitate  faster  charge  propagation. 

The  kinetic  experiments  on  the  type  n  PNS  films  have  shown  that  the  attainment  of 
electroneutrality  and  thermodynamic  equilibrium  need  not  be  coupled.  This  is  an  important 
result,  in  that  it  suggests  that  transient,  nonequilibrium  states  may  be  manipulated  to  achieve 
rapid  switching  (i.e.  fast  charge  propagation  rates),  and  that  in  some  cases  this  may  be  done 
independently  of  the  transport  processes  which  occur  to  attain  thermodynamic  equilibrium. 
We  have  observed  this  Qrpe  of  behavior  is  other  thin  film  systems  and  will  report  on  it  in  a 
future  publication. 
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Aff^  VALUES  FOR 

PARTIALLY  DINITRATED  P O L Y  (  S T Y R E N E  ) 
DURING  ELECTROCHEMISTRY. 


NOfBER  OF  SCAN 


0 

XA 

1370  Hz 

1 

1406  Hz 

7 

1426  Hz 

30 

1454  Hz 

Coverage:  9.5nF/cm“. 

Si:¥)porting  electrolyte:  0.1 8M  TBAP. 

Scan  Rate:  50  mV/s.  the  uncoated  electrode  inraersed 


in  the  same  solution:  1350  Hz. 


TABLE  2 


RATIO  OF  THE  NET  MASS  GAIN  TO  CHARGE 

FIRST  WAVE 


Scan  number 

coverage 

mass/charge  (gr/mole) 

excess 

2 

8 

705. 1 

11 

3 

7 

504.8 

6 

5 

6 

478.0 

5.7 

7 

5 

415.1 

4 

13 

4 

185.5 

<1 

SECOND  WAVE 

3 

1.6 

687.5 

11 

5 

1.6 

466.4 

6 

7 

1.5 

433.0 

5 

13 

1.3 

361 .5 

3 

Scan  rate:  50  mV/s.  Supporting  electrolyte:  0.1 5M  TBAP.  Coverage 

—1 0  —9 

(first  wave)  x10“  mole/cm’;  (second  wave)  xIO”  raole/cm*. 

♦Excess:  This  corresponds  to  the  number  of  solvent  inserted 
per  cation  during  electrochemistry  of  the  film. 

TBA''^( 242.48  gr/mol);  acetonitrile(41  gr/mol). 


FIGURE  CaPTIONS 


1-  Oonductance  Spectrum.  Poly-p-nitrostyrene  ccating  (Heated  at  170°C,  50 

minutes).  Overage:  S.SnF/cm’.  Supporting  electrolyte  solution:  0.1 3M 
TEAP.  A-  Before  electrodieraistry.  1060  Hz.  B-  After  76  potmtial 

scans  Af^^:  2200  Hz. 

—8 

2-  Poly-p-^iitrcstyrene.  Oaverage:  10x10  nole/on^.  CV/QCM  steacfy  state  scan 
from  -0.4  V  to  -1.85  V.  Scan  rate:  50  mV/s.  Supporting  electrolyte 
solxition:  0.1 3M  TEAP.  A-  Dashed  voltaninogram,  first  scan.  B-  Solid 
voltaninogram,  second  scan.  C-  Frequency  response  for  the  first  scan. 

3-  Boly-p-nitrostyrene.  CV/QCM  steady  state  scan  from  -0.4  V  to  -1.85  V. 
Supporting  electrolyte  solution:  0.1 3M  TPAP.  Scan  rate:  50  mV/s.  A-  Second 
scan.  Dashed  VDltapmogram:  actual  current.  Solid  corresponds  to  dAf/dE 

B-  Sev^th  scan.  Dashed  voltanroogram:  actual  currmt.  Solid  is  dAf/dE 

4-  Poly-p^iitrostyraie.  C.VCJCM  steady  state  scan  from  -0.6V  to  -1.85V. 
Supporting  electrclyte  solution:  0.15M  TBAP.  Scan  rate:  50  iriV/s. 

5-  Sroly-pniitrostyrene.  CV/QCM  steady  state  scan  from  -0.6V  to  -1.85V. 
Supporting  electrolyte:  0.1 5M  *EBAP.  Scan  rate:  600  raV/s. 

6-  Partially  dinitrated  poly  (styrene).  CV/QCM  steady  state  scans.  Af 
corre^xxids  to  the  frequaacy  diange  in  Hz.  Supporting  electrolyte:  0.2m 
TRAP.  Scan  rate:  50  nV/s. 

7-  Partially  dhnitrated  poly  (styrene).  Supporting  electrolyte:  0.1 3M  TRAP. 
Scan  rate:  50  mV/s.  a-  Dashed  voltammogram  is  the  actual  curreit.  b- 
Solid  one  oorresponds  to  dAf/dE.Af^:  change  in  the  resting  frequency, 

f  . 

r 

8-  Partially  dinitrated  poly(styrene).  Supporting  electrolyte:  0.1 5M  TEAP. 
Scan  rate  in  all  scans:  50  mV/s. 
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